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In Brief
Grobman et al. report that isofunctional output neurons in the two olfactory bubs are interconnected and spatially mirrorsymmetric. This circuit enables the sharing of odor information between hemispheres despite the lack of topographical organization of odor information in the cortex.
INTRODUCTION
Sensory information is shared across hemispheres either by projecting similar sensory information bilaterally to both hemispheres or by transferring it between hemispheres. Information sharing between hemispheres is greatly simplified when the sensory information is topographically organized according to some physical property, as is the case for almost all sensory systems. However, in vertebrates, odor information is projected unilaterally (Shepherd, 2004) and there is no known topographical organization of odor space in the main olfactory cortices (OCs) (Ghosh et al., 2011; Miyamichi et al., 2011; Sosulski et al., 2011) . Furthermore, unilateral odor association has been shown to be accessible bilaterally Hall, 1987, 1988; Mainland et al., 2002; Yan et al., 2008) . This implies that OC odor representations are interconnected. This constitutes a puzzle: if OC neurons are not topographically organized, how can odor information be mapped from one hemisphere to the other? Furthermore, if each odor activates a set of topographically unorganized neurons in each hemisphere, this implies that odors are encoded separately in each hemisphere.
One solution is to assume that there are OC neurons in both hemispheres that respond to the same odors and that these neurons are somehow interconnected. There is some evidence that OC neurons may respond to similar odors delivered through the ipsi-and contra-nostrils (Kikuta et al., 2010; Wilson, 1997) ; however, since each OC neuron receives input from a presumably random set of 4-200 glomeruli (Davison and Ehlers, 2011; Miyamichi et al., 2011) , the probability that two OC neurons will receive input from even a similar set of glomeruli is very low. Moreover, even if two OC neurons receive inputs from a similar set of glomeruli, interconnecting them would require a complicated wiring mechanism or extensive training because OC neurons are not topographically organized.
An alternative solution is that odor information is already shared at the level of the two olfactory bulbs (OBs) such that output mitral/tufted (M/T) cells in one bulb excite isofunctional output neurons in the other bulb. We therefore set out to examine inter-bulb connectivity using optogenetics, bilateral odor stimulations, electrophysiology, and pharmacology.
RESULTS

An Inter-hemispheric Excitatory Map Interconnects OB Output Neurons
To investigate M/T cell inter-hemispheric connectivity, we extracellularly recorded the spiking activity of M/T cells while optically stimulating all exposed dorsal glomeruli with a small light patch in both OBs of transgenic mice expressing Channelrhodopsin2 (ChR2) in M/T cells (Haddad et al., 2013 ) ( Figure 1A ; STAR Methods). We computed the average light-evoked firing rate of each stimulated location and generated a heatmap ( Figure 1B ). Unexpectedly, we observed that many M/T cells were excited by contra-bulb light stimulation .
To verify that the response we observed from light stimulation of the contra-bulb was the result of activating contra-bulb neurons and not an artifact, we tested whether it can be suppressed by the application of a sodium channel blocker (lidocaine) or a GABA A receptor agonist (muscimol) to the contra-bulb (n = 4 neurons). Application of either substance caused the lightevoked response from the contra-bulb to disappear completely. Following lidocaine wear off, the recorded neuron resumed its response to light stimulation of the contra-bulb ( Figure S1B ). When either substance was applied to the ipsi-bulb, all recorded neuronal activity was silenced. These findings indicate that the excitatory response we observed when we stimulated the contra-bulb with light requires the activation of contra-bulb neurons. We further verified that this response was not an artifact by (C) Peri-event time histograms (PETHs, mean ± SEM) and raster plot of the ipsi-and contra-bulbs' strongest excitatory spots (hotspots) from the upper panel in (B) . Cyan bar indicates the duration of the light stimulation. For each response we indicate the statistical significance (p value) of the evoked response compared to baseline activity (paired t test; STAR Methods). Red, ipsi; blue, contra.
(D) Quantifying the number of inter-hemispheric connected neurons. Each circle represents the ipsi-and contra evoked response of each neuron's hotspot (n = 108 neurons). Black circles denote neurons that did not evoke a significant response from the contralateral hotspot after Bonferroni correction (p < 0.05, n = 72 neurons) and green circles denote those that did cross this threshold (n = 36 neurons). Twenty-five neurons were re-stimulated to confirm their initial classification. Green dots inside circles denote hotspots that were rechecked and found to evoke a significant response (p < 0.05, n = 15 neurons). Black dots inside circles denote hotspots that were rechecked and confirmed not to evoke a significant response (n = 10 neurons). The dashed line indicates equal evoked responses. The axes have different scales for better visibility.
(E) Responses of all 108 recorded neurons to ipsi-and contralateral hotspot light stimulations. We quantified the change in firing rate relative to baseline in 25 ms bins using an area under receiver operating characteristic (auROC) analysis (STAR Methods). Values above 0.5 indicate increases in firing rate relative to baseline, whereas values below 0.5 indicate decreases. Neurons were sorted on the basis of their average response in a 200 ms window. The order of the neurons in the ipsi-and contralateral panels is not the same.
conducting several other control experiments and analyses (STAR Methods; Figure S1B ). The ipsi-and contralateral locations in each neuron with the strongest evoked response were termed hotspots (Figures 1B and 1C) . To quantify the number of inter-bulb connected M/T cells, we examined whether the mean evoked spiking activity following light stimulation of each contra-bulb hotspot was significantly higher than the mean background activity. Thirty-six out of the 108 (33% compared to 0% when data are shuffled; STAR Methods) neurons were connected; i.e., they had a significant excitatory response to light stimulation of the contralateral hotspot (p < 0.05, Bonferroni correction by the number of stimulated spots, paired t test, $50 trials per spot; Figure 1D ; STAR Methods). To further ensure that the evoked responses were not the result of random fluctuations, we re-stimulated some of the hotspots in the contra-bulb for an additional $70-100 trials (STAR Methods). Re-stimulation revealed that an additional 4 (out of 14) neurons with high statistical significance (p < 0.05) that did not cross the Bonferroni threshold did in fact have a significant response (green dots inside black circles, Figures 1D and S1C ). This suggests that the rate of connected neurons is probably higher than the above estimate that was based on the conservative Bonferroni correction. Overall, the number of neurons defined as connected (i.e., neurons where the contra-hotspot-evoked response was significantly different from baseline following the Bonferroni correction or that were shown to be connected upon re-examination; Figure 1D) in our dataset was 40 (37%). These estimates are also supported by observing the neural responses and the area under the curve of an ROC (auROC) analysis of each neuron (Figures 1E and S1E) . All further analyses are done with these 40 connected neurons. However, the results of this study did not differ when we only used the neurons that crossed the Bonferroni correction or when we used a less conservative criterion (STAR Methods).
Comparing the average response evoked by light-stimulating the ipsi-and contralateral bulbs revealed that the contralateral light stimulations evoked a response that was lower than the response evoked by ipsilateral light stimulations but lasted longer ( Figures 1C, 1D , and S1F).
Both Mitral and Tufted Cells Are Likely to Be Interhemispherically Connected M/T cells are the sole projection neurons in the OB. Mitral cells are located at a depth of $300-400 mm from the OB surface and tufted cells are found in the external plexiform layer (EPL). M/T cells are the largest and most abundant neurons at these depths and therefore blind recordings at 200-400 mm will mostly result in recordings of M/T cells (see also STAR Methods).
To further verify that we were mostly recording M/T cells, we examined the response time to light stimulation of the ipsilateral bulb. M/T cells are the only cells expressing ChR2 and should therefore respond immediately to light stimulation. Figure 2A depicts the raster plot following stimulation of the ipsi-and contralateral hotspots of the neuron shown in Figure 1B . This neuron responded to ipsilateral light stimulation within the first 2 ms, which is consistent with direct light activation rather than indirect, synaptic activation. Computing the first spike latency of all neurons using a 10 ms sliding window (STAR Methods), we found that 47% of the connected neurons had zero first spike latency (i.e., responded within the first 10 ms window following ipsilateral light stimulation onset; mean = 3.6 ms, median = 1 ms; Figures 2B and 2C ) This confirmed that we were mostly recording from M/T cells, as expected from the recording depth and method. The response of unconnected neurons to ipsilateral light stimulation started slightly later but was not significantly different from the response start time of connected neurons (mean = 6.7 ms, median = 1.5 ms, p = 0.29, Mann-Whitney U test), which suggests that M/T cells can be either connected or unconnected. Some neurons responded to ipsilateral light stimulation with longer delays. While it is possible that some of these neurons were not M/T cells, it is more likely that these neurons were stimulated less vigorously by light due to some experimental glitches (e.g., blood covering the glomeruli, light not fully covering the glomerulus, low expression of ChR2). Light-stimulating the same neuron while decreasing the light intensity confirmed that the response start time was delayed as light intensity decreased ( Figures S2A-S2C) .
To evaluate the dependence of inter-hemispheric connectivity on neuron type, we examined whether the percentage of connected neurons varied with respect to the recording depth. Only neurons for which we could reasonably estimate the recording depth were used (n = 68 neurons; Figure 2D ; STAR Methods). Connected neurons could be found as shallow as 220 mm below the bulb surface and as deep as 430 mm. This suggests that interconnectivity is not specific to mitral or tufted cells (p = 0.26 and p = 0.43, when comparing the rate of connected neurons below and above a depth of 280 or 300 mm, respectively; one-sided Fisher's exact test). Similarly, there was no observable correlation between the neurons' mean baseline activity and interhemispheric connectivity ( Figure 2D) .
A recent study suggested that M/T cells can be identified unambiguously based on their preferred sniff phase in extracellular recordings (Fukunaga et al., 2012 (Fukunaga et al., , 2014 . Mitral and tufted cells seem to fire during different respiration cycles (early phase [EP] , p/8 to p radians; late phase [LP] , p to 2 p and 0 to p/8 radians). Thirty-four neurons were locked to the EP part of the respiration cycle and 44 to the LP. The distributions of EP and LP connected neurons did not differ significantly (p = 0.33, one-sided Fisher's exact test; Figure 2E ). Taken together, these analyses suggest that interconnectivity is most likely a property of both mitral and tufted cells. However, further study is required to accurately identify the neuron types and find how they relate to interconnectivity.
Inter-hemispheric Connected Neurons Are Spatially Mirror-Symmetric
We next analyzed the locations of the ipsi-and contralateral hotspots of the interconnected neurons. When examining several recordings, we noticed that the hotspot locations were mirror-symmetric around the sagittal midline and located at similar positions in the anterior-posterior axis (Figures 1B and 3A) . To quantify the organization of ipsi-and contralateral hotspots, we compared the distance of the ipsi-and contralateral hotspots from the midline (the blood vessel between the two OBs) and from the upper light-scanning grid line (Figure 3B) . This analysis revealed a nearly mirror-symmetric spatial organization across the midline (Figures 3C and 3D ).
The mean displacements in the lateral-medial and anterior-posterior axes were 146.3 and 182.8 mm, respectively, which is equivalent to a displacement of 0-2 glomeruli in the mediallateral axis and 0-3 glomeruli in the anterior-posterior axis ( Figure 3D ). The higher variance we observed in the anteriorposterior axis might be a result of the technical limitations of our experimental method since the posterior boundaries are less apparent (compared to the bulb midline) because they depend on the accuracy of bone removal and the orientation of the mouse relative to the light-scanning grid. Note, however, that a higher variance in the range found here in the anteriorposterior axis has also been reported in previous studies mapping the location of iso-functional glomeruli in both bulbs (Oka et al., 2006; Schaefer et al., 2001; Soucy et al., 2009 ). This mirror-symmetrical organization was significantly different from a random organization for the connected neurons, but not for the unconnected neurons (p = 0.0009 and p = 0.15, respectively, permutation test; STAR Methods; Figure S3 ). We conclude that, on average, interconnected neurons tended to be located in mirror-symmetric locations in the medial-lateral axis and to a lesser extent in the anterior-posterior axis.
The Inter-hemispheric Inhibitory Map Is Inconsequential and Not Topographically Organized Previous anatomical studies have indicated that M/T neurons project topographically to the anterior olfactory nucleus pars externa (AONpE) neurons, which in turn project to the granule cell layer in the contralateral OB in a mirror-symmetric fashion. This Figure 1B . Lower panel: a zoom-in on the neuronal response to ipsi and contra-light stimulations. M/T cells responded immediately to ipsi-bulb stimulation ($2 ms in this example) and responded after $30 ms to contra-bulb stimulation.
(B) An analysis of the recorded neurons' response times to ipsilateral stimulation. We found no significant differences in first spike latency times between connected and unconnected neurons. Neurons with long response latencies also tended to respond weakly to light stimulation, which suggests that these neurons were either poorly stimulated due to some experimental glitch (see also Figure S2 ) or that they were not M/T cells. (C) Cumulative distribution of the recorded neurons with respect to response time. Forty-seven percent of the connected neurons responded within a 10 ms window.
(D) Distribution of connected and unconnected neurons as a function of recording depth. Only neurons for which we could reasonably estimate the recording depth were used (n = 68 neurons). Connected neurons (green filled circles) were found in similar percentages in both the external plexiform layer (EPL, yellow shaded region) and the mitral cell layer (MCL, pink shaded region). Black circles, unconnected neurons.
(E) Distribution of connected (green) and unconnected (black) neurons as a function of their preferred phase. EP neurons are locked to the first half of the respiration cycle (p /8 to p radians, pink shaded region) and LP neurons are locked to the second half of the respiration cycle (p to 2p and 0 to p /8 radians).
suggests there are inter-hemispheric mirror-symmetric inhibitory connections (Schoenfeld and Macrides, 1984; Yan et al., 2008) . To examine inter-bulb inhibition, we estimated the number of M/T cells that receive significant inhibitory input from the contralateral bulb's neurons ( Figure 4A ). As in the case of contralateral excitatory spots, we quantified the number of significant inhibitory spots by examining whether the evoked spiking activity following light stimulation of the contra-bulb spot that elicited the lowest number of spikes (i.e., the coldspot) was lower than the background activity. Only two (1.8% compared to 0% when data are shuffled; Figure S4A ; STAR Methods) neurons received significant inhibitory input from the contralateral OB (p < 0.05, Bonferroni correction by the number of stimulated spots, paired Mann-Whitney U test, $50 trials per spot; Figure 4B ). The reduction in the number of evoked spikes was not significant even when the baseline firing rate was relatively high ( Figure 4B ).
It is possible that unlike excitation, inhibition requires activation of several adjacent or non-adjacent glomeruli. To test this, we performed several experiments using a large spot size (220 3 220 mm). We did not detect significant inhibition in any of these experiments (n = 5 neurons). Scanning with a single spot does not reveal cases where the simultaneous activation of several spots evokes a response. We therefore conducted several experiments in which we stimulated the contralateral bulb with multiple spots simultaneously, randomly located on the dorsal contra-OB, and then computed the spike-triggered average (STA) response (STAR Methods). This STA technique is a modified version of the STA technique used in vision and audition research to find the spatiotemporal receptive fields of neurons (Chichilnisky, 2001) . Using 10 simultaneous 80 3 80 mm spots did not reveal any inhibition from the contralateral bulb (n = 5 neurons). Finally, in 10 experiments in which there seemed to be some weak inhibitory responses (i.e., p < 0.05 not corrected for multiple comparisons), we rechecked this response by stimulating this spot 100 times with a long interstimulus interval of 4 s. We did not detect significant inhibition in any of these experiments.
We next analyzed the location of the coldspots in the contra-OB. Similar to the analysis of contralateral hotspot locations, we compared the distance of the ipsilateral hotspot and the contralateral inhibitory coldspot from the midline and from the upper light-scanning grid line ( Figures 4C and 4D ). We found that the spatial organization of the contralateral coldspots was not symmetric around the midline (p = 0.1, and not significantly different from a random organization, permutation test; Figure S4B) . To verify that the lack of symmetry was not due to an overly conservative estimate of inhibition, we repeated the analysis while using the 20 coldspots that had the lowest p value and obtained a similar result (p = 0.4; Figure S4B ). Taken together, stimulation of contralateral M/T cells seemed not to evoke a significant inhibitory response and the presumably inhibitory spots (the coldspots) were not symmetrically organized.
Inter-hemispheric Connected Neurons Respond to the Same Odors from the Ipsi-and Contra-Nostrils
We next examined the response of inter-hemispheric connected and unconnected M/T cells to a panel of eight odors delivered while the ipsi-or contra-nostrils were occluded ( Figure 5A ). If the inter-hemispheric circuit connects M/T cells innervating the same glomerulus type, we would expect these M/T cells to respond to the same odor profile. However, if the recorded M/T cell is connected to an M/T cell in the contra OB that innervates a different glomerulus type, the neuron is expected to respond to an odor from the contra-nostril to which it did not respond when the odor was delivered to the ipsi-nostril. Finally, if the recoded neuron has no excitatory (or weak) contralateral connections, we would expect to find no response (or weak responses) to odors delivered via the contra-nostril. We found that all M/T cells that responded strongly to light stimulation of the contralateral bulb also responded to similar odors delivered to the contra-or ipsilateral nostril. Conversely, there was no response to an odor delivered from the contralateral nostril if there was also no response to light stimulation of the contralateral OB (Figures 5B and S5) . A weakly connected neuron typically responded from the contra-bulb to the odors evoking the strongest responses from the ipsi-bulb. The odor responses from the ispi-nostril were stronger compared to the contra-nostril (p < 10 À8 , paired t test; Figure 5C ). These results strongly indicate that an M/T cell can respond to odors delivered from the contra-nostril if and only if there are excitatory connections between them. Overall, there was a significant correlation between the neuron's evoked response strength to contrabulb light stimulation and the similarity in responses to odors delivered from the ipsi-and contra-nostrils (r = 0.59, p = 0.002, Spearman correlation; STAR Methods; Figure 5D ; r = 0.20, p = 0.32 when we shuffled the odor responses).
Since nearby glomeruli responses to odors are as different as distant glomeruli (Economo et al., 2016; Soucy et al., 2009) , the high similarity in odor responses we observed in connected neurons strongly indicates that they innervate the same type of glomerulus. Consistent with this, none of the recorded neurons had a significant response to an odor delivered from the contra-nostril that did not also elicit a significant response when delivered from the ipsi-nostril. These results strongly indicate that connected neurons are mostly interconnecting isofunctional glomeruli.
The Neural Circuit Underlying Interconnected Neurons
We next examined the neural mechanism underlying interconnected neurons. Anatomical and electrophysiological studies have indicated that neurons in the AONpE preserve the topographical organization of the OB glomeruli and project topographically to the contralateral OB either directly or through the contra-AONpE (Kikuta et al., 2010; Schoenfeld and Macrides, 1984; Yan et al., 2008) . We therefore posited that each M/T cell in the contralateral bulb should activate a specific set of contra-AONpE neurons and that these neurons would activate the mirror-symmetric ipsilateral M/T cells either directly or by activating neurons in the ipsi-AONpE. We term these models I and II, respectively ( Figure 6A ).
To examine the connectivity between M/T cells and AONpE neurons, we extracellularly recorded the response of AONpE The graph was constructed as described in Figure 1E . The small increase in the response prior to light onset time is a result of selecting the spot eliciting the lowest evoked response out of more than $100 spots (STAR Methods).
(B) The relationship between the contralateral evoked firing rate and the baseline firing rate. Only two neurons (green dots) had a statistically significant inhibitory response following Bonferroni correction to account for multiple stimulated spots. Black circles denote non-significant responses. Cyan dots mark the 18 non-significant neurons with the lowest p values. Neuron #1 and #2 PETHs and raster plots are displayed in Figure S4 . A) Experimental setup: we first optically scanned the two OBs with a small light patch to determine the strength of the inter-hemispheric connection. After the optical scan, we delivered eight odors through either the left or the right nostril while the other nostril was occluded with light-cured silicone gel (pink, Figure S5C ). The arrows point to the nostril stimulated by odors. The location of the electrode is marked by an orange line. (B) Four examples of strongly, weakly, and unconnected neurons and their response to eight odors delivered to each nostril. The left panel shows the neuronal response to ipsi-and contralateral light stimulation (red and blue PETHs, respectively, mean ± SEM). Cyan bar marks the light duration. The middle panel shows the odor responses to the eight odors when the contra-nostril was occluded; the right panel shows responses when the ipsi-nostril was occluded. Each column represents a different odor and each row shows the mean firing rate during one respiration cycle. We plot the responses of the four respiration cycles before odor onset and six cycles following it. The cycle during which the odor was delivered is marked as 0. Odor duration was 3 s. The color bar on the right shows the firing rate scale. Strongly connected neurons responded to the same odors from the ipsi-and contra-nostrils whereas unconnected neurons did not respond to contranostril odor stimulations, although they did respond to ipsi-nostril odor stimulations. Weakly connected neurons responded to a subset of the odors from the contra-nostril. The first and fourth examples are neurons recorded on the same electrode, both of which responded to odors delivered through the ipsi-nostril, but only the connected neuron responded to odor delivered through the contra-nostril. Figures S5A and S5B depicts additional sample neurons in more detail.
(legend continued on next page) neurons to light stimulations of the ipsilateral dorsal bulb. The majority of recorded AONpE neurons (14 out of 16) only responded to light stimulation from one isolated location on the dorsal surface of the ipsilateral OB ( Figure 6B ). Two neurons responded from two segregated spots. Scanning with a single spot does not reveal cases where the simultaneous activations of several spots elicit a response. To verify that AONpE neurons indeed only responded to stimulation from a single location, we repeated some of the experiments using multiple spots and computed the STA (STAR Methods). In all these experiments, the AONpE neurons still only responded from one location in the ipsi-bulb. There was no excitatory or inhibitory response to contra-bulb light stimulations (n = 5 neurons; Figure 6C ). These results suggest that AONpE neurons receive their input mostly from one glomerulus. Importantly, light stimulation of the contralateral OB did not elicit a significant response ( Figure 6C ). This result excludes model II.
Together, these results suggest that M/T cells receive excitatory input from their mirror-symmetric contra-M/T cells through a one-to-one mapping from the contra-OB to the contra-AONpE directly, without activating ipsi-AONpE neurons (model I in Figure 6A) . Consistent with this, the first spike latency of AONpE neurons was in between the first spike latency of ipsi-M/T cells to ipsilateral and contralateral light stimulations ( Figure 6D ; STAR Methods).
To further verify that inter-hemispheric activation of ipsi-M/T cells was mediated through the contra-AONpE neurons without the ipsi-AONpE, we injected muscimol to the ipsilateral and contralateral AONpE after identifying a connected M/T neuron ( Figure S6A ). As predicted, interconnected neurons no longer responded to contra-light stimulation following muscimol injection to the contra-AONpE ( Figure 6E ; n = 5 neurons). Sham injections (n = 1 neuron), injections to the ipsi-AONpE (n = 3 neurons), or injections to the contralateral AON pars principalis (n = 1 neuron) did not abolish the response to contralateral light stimulation (Figures 6E and 6F) . Injection to the ipsi-AONpE did not abolish the response from contra-bulb light stimulation even when we injected twice the amount injected to the contra-AONpE and waited for 30 min ( Figure S6B ). These results suggest that activating contralateral M/T cells activates contralateral AONpE neurons, which then activate the ipsilateral mirror-symmetric M/T cells.
AONpE Neurons Activate Contra-M/T Cells Glutamatergically
The above experiments strongly suggest that AONpE neurons activate contra-M/T cells either directly or through another neuron. To investigate AONpE to contra-M/T connections, we injected an AAV9-CAG-ChR2-GFP viral vector into the ipsiAONpE and obtained whole-cell recordings from identified M/T cells from acute brain slices of the contralateral OB 3-4 weeks post-injection. Examination of the ipsilateral OB showed strong expression of ChR2-GFP in the AONpE ( Figure 7A ). No projections were observed in the ipsi-OB, which strongly suggests that our injections were mostly restricted to the AONpE (Brunjes et al., 2005; Markopoulos et al., 2012; Schoenfeld and Macrides, 1984) . The infected cells located in the ipsi-OB are most likely newborn granule cells infected by the virus that spread to the RMS (Alonso et al., 2012) . In the contralateral OB, ChR2-GFPlabeled axons were detected mostly in the granule cell layer ( Figure 7B ), in line with previous studies. Weaker Chr2-GFP expression could be detected near M/T cells ( Figure 7C ). M/T cells were identified during the experiment by location, size, and characteristic firing pattern ( Figures 7B-7D ). Post hoc staining confirmed this identification by visualizing a large soma and a long apical dendrite projecting to the glomeruli ( Figures 7B and  7C ). We obtained whole-cell recordings from 24 M/T cells, five of which were excited by light stimulation of the contralateral AONpE axons. Single light pulse evoked short-latency excitatory postsynaptic potentials (EPSPs) in three M/T cells (latency = 4.5 ± 0.5 ms; Figures 7D and 7E ). This short latency and small jitter suggest that AONpE neurons form mono-synaptic connections with M/T cells. The amplitude of these EPSPs was not reversed by depolarization of the postsynaptic membrane potential, suggesting that these responses were not GABAergic. Application of the glutamatergic antagonists APV and CNQX abolished light-evoked EPSPs, showing that M/T cells were directly excited by glutamatergic input from the AONpE (Figure 7F ; n = 2 neurons). Prolonged stimulation of AONpE axons evoked long-latency excitation in two other M/T cells. In these neurons, light pulses delivered at 20 Hz induced a late long-lasting depolarization, suggesting a second form of excitation via an indirect mechanism ( Figure S7 ). These results show that M/T neurons are most likely excited both directly and indirectly by glutamatergic input from the AONpE. Additional investigation is required to clearly identify the number and types of these synapses.
The Functional Roles of Interconnected M/T Neurons
We next examined the possible roles of this circuit. We considered two possible roles: (1) sharing odor information across the two hemispheres and (2) detecting the direction of an odor stimulus. To assess which role is more likely, we constructed two models. Model 1: Sharing Odor Information across the Two Hemispheres To assess the ability of this bilateral circuit to share odor information across hemispheres, we examined the ability of a classifier to identify an odor sniffed through the contralateral nostril (a contra-odor) based on the responses it elicited when sniffed through the ipsilateral nostril (an ipsi-odor). The (C) All evoked neuron-odor responses delivered from the ipsi-and contra-nostrils. Ipsi-nostril-delivered odors almost always elicited a stronger response than contra-nostril-delivered odors (p < 10 À8 , paired t test). Dashed line marks the identity line.
(D) The relationship between the strength of inter-hemispheric connectivity as revealed by light stimulation of the two bulbs and the similarity in odor responses delivered from the ipsi-and contra-nostrils. Odor similarity was calculated by computing the correlation between the neuronal responses to odors delivered to the ipsi-or contra-nostrils. Connectivity strength was estimated by the auROC value of the contralateral hotspot. A significant relationship between connectivity strength and similarity of odor responses was found (r = 0.59, p = 0.002, Spearman correlation). Each spot is color coded to reflect the contralateral response significance to light stimulation (in logarithmic scale). (A) The two suggested connectivity models. Model I: M/T cells in the contra-bulb project to the contra-AONpE, which projects to the ipsi-bulb. Model II: M/T cells in the contra-bulb project to the contra-AONpE, which projects to the ipsi-AONpE, which projects to the ipsi-bulb. All projections are assumed to be topographic; i.e., they preserve the spatial organization of the glomeruli in the bulb. GC, granule cell. response of each contra-odor was compared to the responses of each of the eight ipsi-odors. The identity of the most similar ipsi-odor was selected as the identity of the contra-odor (STAR Methods). We found that we could identify a contra-odor significantly above chance level based on the odor responses it evoked in the 25 recorded neurons (mean success rate 58%, chance level 12.5%). This success rate was similar to the success rate achieved when we classified a contra-odor based on its contra-odor responses (by splitting the contra-odor response dataset into training and testing sets; STAR Methods). To estimate the extent to which the classification success rate depended on the number of neurons in the ensemble, we used a bootstrapping technique to generate additional odor-neuron responses from the same distribution as in the recorded 25 neurons (STAR Methods). We found that the classification success rate reached $95% when we had 100 neurons ( Figure 8A , red line). Repeating this analysis using only the 10 neurons with the highest connectivity values (auROC > 0.6) resulted in a success rate of 65% and reached 100% with only $75 neurons ( Figure 8A , yellow line). Thus, this circuit is capable of transferring odor identity between the two OBs.
Model 2: Detecting an Odor Stimulus Direction
Several studies have indicated that animals use bilateral odor cues to localize odors (Catania, 2013; Esquivelzeta Rabell et al., 2017; Khan et al., 2012; Parthasarathy and Bhalla, 2013; Rajan et al., 2006) . A recent study found that in Drosophila, olfactory receptor neurons project bilaterally and asymmetrically to projection neurons (PNs, the Drosophila equivalent of M/T cells). As a result, ipsilateral PNs begin to spike earlier and fire stronger than contralateral PNs. These bilateral response differences may be harnessed to enable odor lateralization (Gaudry et al., 2013) . However, to achieve a bilateral response difference it is not necessary to project bilaterally. In fact, a unilateral projection can result in a stronger bilateral difference ( Figure 8B , left panel). To see this, consider an odor gradient across the two sensory organs (antennas or nostrils). One organ will be stimulated by an odor concentration C and the other by an odor concentration rC (e.g., 0 % r % 1). Assuming for simplicity that there is a linear relationship between odor concentrations and the elicited response firing rates, the ipsi-and contralateral neurons will respond with $C and $rC spikes, respectively ( Figure 8C , black lines where we assume for simplicity that C = 1). The bilateral difference will increase as the concentration gradient increases (i.e., C(1 À r); black line in Figure 8D ). Now consider the bilateral asymmetric projection case in which the contralateral PNs receive $66% of the ipsilateral responses as reported in Gaudry et al. (2013) (Figure 8B , right panel). The ipsilateral PN receives C spikes from the ipsilateral receptor neurons and 0.66rC spikes from the contralateral receptor neurons. The contralateral PN receives rC from the contra-receptor and 0.66C spikes from the ipsi-receptor. By setting C to 1 we get that the response in the ipsilateral side is proportional to 1 + 0.66r and on the contralateral side to r + 0.66. Figure 8C displays the expected responses of ipsi-and contralateral PNs in the two pathways for several possible concentration gradients (i.e., r ranges from zero to one). This shows that a unilateral projection pathway generates a higher bilateral response difference than a bilateral projection pathway across all concentration gradients ( Figure 8D ). Since response latency is correlated to response strength, the time difference will also be higher in the unilateral projection pathway. Thus, localizing odors can be better achieved with unilateral projections. We therefore suggest that the main role of bilateral projection is not localization but the sharing of odor identity information across hemispheres. These inter-hemispheric connections may still enable odor localization since contra-odor responses are weaker than ipsi-odor responses. Note that if contra-and ipsi-odor responses are of the same magnitude, there would be no bilateral response difference regardless of the concentration gradient across the nostrils and stereo localization would be impossible. Our experiments show that contra-odor responses are indeed weaker ( Figure 5C ).
DISCUSSION
Ramó n y Cajal hypothesized that a major function of the corpus callosum is to guarantee the continuity of sensory maps across the hemispheres. When sensory information is organized topographically, contralateral inputs can converge onto callosal recipient neurons that closely match the ipsilateral receptive fields, as has been shown in the visual system (Aboitiz et al., 2003; Olavarria, 2001 ). Since there is no known topographical organization of odor space in the main OCs, and M/T cells project unilaterally in mice, it is unclear how odor information can be shared across the hemispheres. This may suggest that odors are encoded unilaterally. In this study, we identified a circuit that maps the activity of glomeruli from one bulb to the other. This circuit connects iso-functional glomeruli as can be concluded from the nearly precise topographical mapping and similarity of odor responses delivered to the ipsi-or contralateral nostrils. Thus, odor identity can be shared as early as at the level of the two OBs. This circuit can allow stable odor perception during occasional nostril closure and varying airflow rates between the two nostrils (BojsenMoller and Fahrenkrug, 1971; Sobel et al., 1999) . It can also explain how rat pups that learned to associate an odor with one nostril closed before the development of their anterior commissure could access the memory from both nostrils following ontogeny of the anterior commissure Hall, 1987, 1988) . The circuit can also be used for odor localization. Since the inter-bulb connections are weak, a concentration gradient across the nostrils is expected to elicit different odor responses in each OB that can be utilized to extract odor direction ( Figures 8B and 8C) . Alternatively, it is the contra-AONpE (blue dashed line). Injection of muscimol to the contra-AONpE completely abolished the response (gray line). The X marks the location of muscimol injection. Cyan bar indicates the duration of the light stimulus. (F) Same as (E). Injection of muscimol to the ipsi-AONpE (dashed line) did not abolish the response to light stimulation of the contralateral hotspot, whereas a subsequent injection to the contra-AONpE did. This finding is consistent with model I (A). See also Figure S6B . possible that the unconnected neurons are used for odor localization. This circuit might also be involved in asymmetric odor processing as revealed by several recent studies (Cohen and Wilson, 2017; Porter et al., 2005) .
Odor Maps in the Olfactory System
Our results suggest that glomerular maps in the OB play the role of cortical topographical maps in other sensory systems. Thus, although there is no topographical organization in the OC, there is an organization in the OB that is used to maintain the continuity of sensory maps across hemispheres as in other sensory systems. OC neurons are the equivalent of more downstream neurons in other sensory systems such as V4 in the visual system. These downstream neurons receive relatively similar odor information because the two OBs are interconnected. The Role of the AONpE Light stimulation of the contralateral bulb did not elicit excitatory or inhibitory responses in ipsi-AONpE neurons. This result seems to contradict a study reporting that AONpE neurons are inhibited by contralateral odors and excited by ipsilateral odors (Kikuta et al., 2010) . However, these neurons were located in the ventral AONpE and responded mostly to sulfide odors, which may suggest these neurons constitute a special group. Alternatively, it is possible that odor stimulations activate additional circuits that are not revealed by light stimulations. Previous studies reported that the AONpE does not project to other brain regions besides the contralateral OB and that it receives relatively little other input (Brunjes et al., 2005) . Taken together with our results, it suggests that the primary role of AONpE is to harmonize the OB odor responses.
Two Types of Output Neurons in the OB
Our results suggest that both mitral and tufted cells can receive excitatory input from the contra-bulb. However, precise identification of mitral and tufted cells requires inspection of their morphological shapes; hence, we cannot exclude the intriguing possibility that unconnected and connected neurons are related to mitral and tufted cells or to some other distinct group. In any case, our results show that there are two neuron populations in the OB: one that is interconnected and one that is not. Additional studies are required to determine the role of each population. Furthermore, it is currently unknown if interconnectivity is reciprocal.
Bilateral Cortical Neurons
The circuit we identified seems to suggest that all OC neurons are likely to respond to similar ipsi-and contralateral odors because the two OBs are interconnected. There is some evidence that neurons in the AON and PC tend to respond to similar odors delivered from the ipsi-or contralateral nostril (Kikuta et al., 2008; Wilson, 1997) ; however, these studies also reported that not all neurons are bilateral. One possible explanation is that non-bilateral neurons receive their input not only from the OB but also from local neurons that reshape their responses. Another explanation is that the similarity in odor response is only true for strongly activating odors since weak ones do not pass to the contra-bulb ( Figure 5C ). Another possibility is that some neurons integrate information from connected neurons and others from unconnected neurons. Further research is required to better understand how OC neurons integrate bilateral odor information. Furthermore, there are known inter-hemispheric connections between OC sub-regions such as the AON and piriform Odor identification was possible with only 25 neurons. The success rate reached $95% with 100 neurons (red line; STAR Methods). The success rate was higher when we only considered the 10 neurons with the highest auROC values (i.e., presumably connected neurons) and reached $100% with 75 neurons (yellow). The blue and black lines are provided as references and show the success rate when we tried to identify an odor delivered to one of the nostrils using only the response to odors delivered to the same nostril. Black shows the success rate when using responses from ipsi-delivered odors and blue using response from contradelivered odors. Right panel: confusion matrices for the classification analysis with 100 connected and unconnected neurons and with the 10 neurons with the highest auROC values. (B) Two odor information pathways. Left panel: the unilateral projection pathway; olfactory receptor neurons project unilaterally and ipsilaterally to the secondorder neurons (PN in Drosophila and M/T in mice). Right panel: the bilateral projection pathway; olfactory receptor neurons project asymmetrically to ipsi-and contra-second-order neurons. Ipsi-projections are stronger than contra-projections (100% versus 66% as in Gaudry et al., 2013) . (C) A simple model illustrating the response of second-order ipsi-and contra-neurons to an odor gradient across the two sensing organs in the unilateral and bilateral pathways. Solid lines represent the response of ipsilateral second-order neurons (M/T or PN cells) and the dashed lines the response of contralateral ones. The maximum odor concentration was on the ipsi side; therefore, the ipsi-neuron response is not affected by the gradient in the unilateral pathway since it does not receive any input from the contra-receptors (solid black line). The response of the contra-neuron thus only depends on the odor gradient (black dashed line). In the bilateral pathway, ipsi-and contra-neuron responses depend on the odor concentration gradient. (D) The response difference in the two pathways (solid line minus the dashed line in C for each model). The unilateral pathway has a higher response difference compared to the bilateral pathway for all concentration gradients, suggesting odor localization is easier in a unilateral pathway.
cortex (Illig and Eudy, 2009; Shepherd, 2004) . The role of these connections is unclear. One possibility is that these connections are required to compare left and right odor stimuli to extract odor direction.
Contralateral Inhibition between the Two Bulbs
Previous studies suggested that M/T cells are expected to inhibit contralateral M/T cells (Schoenfeld and Macrides, 1984; Yan et al., 2008) . We found only weak evidence for contralateral inhibition. However, our in vivo recordings were conducted extracellularly and the optogenetic stimulation was highly localized (single-spot). This combination of techniques might have missed subthreshold inhibitory input. Future studies using broader optogenetic activation combined with intracellular recordings in vivo might expose inhibitory connections from the contralateral bulb.
Odor Perceptual Unity
The circuit revealed here can explain how odor perceptual unity within a subject can be achieved. However, it still does not explain how it is achieved across subjects, as due to the random nature of the OB to PC projections different subjects are expected to have different cortical representations of the same odor. A very recent modeling study suggested that perceptual unity across subjects can be achieved if correlated odor responses in the OB elicit correlated OC responses, which is expected even under random projections (Schaffer et al., 2018) .
Bilateral Odor Coding
Finally, our results raise the intriguing possibility that odors are encoded by the most salient responding glomeruli and not by all activated glomeruli. Odors with medium to low concentrations typically activate 10% of the glomeruli, which in mice amounts to $200 glomeruli (Cury and Uchida, 2010; Davison and Katz, 2007; Soucy et al., 2009 ), which in turn activate $5,000 M/T cells. Encoding an odor with such a large number of neurons is probably unnecessary and definitely inefficient. Encoding by only a small subset of strongly activated glomeruli might be more efficient and robust. Under this coding scheme, an odor inhaled by one nostril is encoded by a small set of strongly activated glomeruli. These glomeruli innervate M/T cells, which then activate the mirror-symmetric M/T cells, thus sharing the odor code across both bulbs. OC neurons can read out the same glomerulus activity from the two OBs and encode odors by their topographically unorganized neurons, but these neurons will always be activated regardless of whether the odor entered via the left, right, or both nostrils.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
All surgical and experimental procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Bar Ilan University guidelines for the use and care of laboratory animals in research and were approved and supervised by the Institutional Animal Care and Use Committee (IACUC).
Sixty-four transgenic and three wild-type male and female mice aged 3-6 months were used. No differences in light evoked responses or inter-connectivity rates were observed between sexes, and so data from both sexes were pooled. The animals were housed in a group cage and received no experimental treatment except genotyping. Animals were maintained in a reverse light/dark cycle and all experiments were performed during their dark cycle.
We used Tbet-cre mice which express ChR2 in M/T cells (Stock number: 024507). This mouse was crossed with Ai32 from Jackson's lab (Stock number: 012569). The use of Ai32 (instead of the Ai27 we used in Haddad et al., 2013) proved to be more efficient. We found that these mice expressed ChR2 much more evenly; therefore, minimal light calibration was required.
METHOD DETAILS Surgical Procedures
Animals were first anesthetized with ketamine/medetomidine (60/0.5 mg/kg, I.P.) and then fixed in a stereotaxic frame. The bone overlying the dorsal OBs was removed either fully or partly such that the bone separating the two bulbs remained intact. Additional anesthesia was administered as needed ($30% of the original dose of ketamine/medetomidine). The animal's body temperature was maintained at 36-37 C using a homeothermic blanket system (Harvard Apparatus). Lidocaine (1%) was administered by applying droplets onto the dorsal part of the bulb. We only applied Lidocaine on animals whose separating bone remained intact to prevent Lidocaine administered to one bulb from spilling over to the other bulb. We verified that applying Lidocaine on the contra-bulb did not affect activity in the ipsi-lateral bulb. Application of Lidocaine on the ipsilateral side silenced activity for a duration of $10-20 minutes. GABA agonist muscimol (BODIPY TMR-X Conjugate, 1mg/ml) was applied with florescent dye on the contra-bulb surface or injected (0.5mL injected for 5 minutes) to the contra-OB, ipsi-AONpE, contra-AONpE and posterior AON. The location of the muscimol injection was verified by histology ( Figure S6A ). In most cases in which we covered the AONpE, we also covered parts of the ventral AON and the posterior parts of the OB that were close to the AONpE. To verify that the lack of response from contra-light stimulation following muscimol injection to the contra-AONpE was not due to inhibition of dorsal M/T cells in the contralateral bulb, we verified that the dorsal M/T neurons in the contra-and ipsi-bulb responded to light stimulation following muscimol injections. Ipsi-M/T cells always responded to ipsi-light stimulation following muscimol injections to the ipsiAONpE or contra-AONpE.
In vivo electrophysiology
The spiking activity of neurons was recorded extracellularly using tungsten ($10MU) electrodes. Neural signals were amplified and filtered at 300 -5,000 Hz (AM-Systems 1800), sampled and recorded at 40 kHz (National Instruments, Austin, TX) and stored on a computer. Spike signals were sorted offline using MClust software in MATLAB (written by A.D. Redish). We only included well-clustered neurons with a SNR > 2.5 as defined in (Suner et al., 2005) . Neurons were recorded from the dorsal bulb at a depth of $200-400 mm. We estimated the recorded neuron's depth when we pulled out the recording electrode with a micromanipulator and therefore only the depth of the last recorded neuron in each penetration could be safely estimated. The electrode was typically lowered at 45 degree as it allows better control on the electrode depth. Few neurons were recorded at depth higher than 400 mm which might reflect some inaccuracy of our depth estimates or reflect recordings in bulb regions in which the M/T cells are more deeply located (e.g., lateral parts of the dorsal OB).
It is unlikely that we recorded granule cells since these cells are highly quiescent in anesthetized animals (Cazakoff et al., 2014; Kato et al., 2012) and previous studies have noted that granule cells are not visible to extracellular electrodes (Doucette et al., 2011; Kay and Laurent, 1999; Rinberg et al., 2006) . To further verify that we were not recording granule cells, we lowered the electrode to the granule cell layer ($500 mm) and found that no neural activity could be recorded. Furthermore, there was no response to strong ipsior contra-bulb light stimulation when the electrode was in the granule cell layer.
To record from the AONpE neurons we inserted the electrode at 1-1.2 mm lateral and 1.7-2.2 mm ventral. We inserted the electrode at a 25 angle $0.9mm posterior to the blood vessel marking the posterior border of the olfactory bulbs.
In vitro electrophysiology Brain slices were obtained from 3 months old mice as previously described (Stuart et al., 1993) . Mice were deeply anesthetized using ketamine/medetomidine (75 mg/kg and 1 mg/kg, respectively) and perfused transcardially, with cold artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5KCl, 15 NaHCO 3 , 1.25 Na 2 HPO 4 , 2 CaCl 2 , 1 MgCl 2 , 25 glucose, and 0.5 Na-ascorbate (pH 7.4 with 95% O 2 /5%CO 2 ). The brain was quickly removed and placed in ice cold ACSF. Thick sagittal slices (300 mm) from the hemisphere contralateral to the viral injection were cut at an angle of 9 degrees to the midline on an HM 650 V slicer (MICROM International GmbH, Germany) and transferred to a submersion-type chamber, where they were maintained for the remainder of the day in ACSF at room temperature. Experiments were carried out at 27 C, and the recording chamber was constantly perfused with oxygenated ACSF. The hemisphere ipsilateral to the injection was fixed in 4% formalin in PBS for validation of the injection site and viral expression.
Individual neurons were visualized using infrared differential interference contrast microscopy. Electrophysiological recordings were performed in the whole-cell configuration of the patch clamp technique. Recordings were obtained from the soma of M/T cells using patch pipettes (4-8 MU) pulled from thick-walled borosilicate glass capillaries (2.0 mm outer diameter, 0.5 mm wall thickness, Hilgenberg, Malsfeld, Germany). The standard pipette solution contained (in mM): 140 K-gluconate, 10 NaCl, 10 HEPES, 4 MgATP, 0.05 SPERMIN, 5 l-glutathione, 0.2 EGTA, 0.4 GTP (Sigma, pH 7.2 with KOH), and 0.2% biocytin. The reference electrode was an Ag-AgCl pellet placed in the bath. Voltage signals were amplified by an Axopatch-200B amplifier (Axon Instruments), filtered at 5 kHz and sampled at 20 kHz. The 10-mV liquid junction potential measured under the ionic conditions here was not corrected for. In several experiments the following drugs were added to the ACSF: APV (50 mM) and CNQX (15 mM) to block NMDA and AMPA receptors, respectively. Optical blue light (475 nm) stimulation consisted of 5-10 ms light pulses delivered at 0.1 Hz (Prizmatix). The latencies of light evoked EPSPs were measured as the time between the onset of the light pulse and the onset of synaptic events.
At the end of each experiment, slices were fixed in cold 100 mM PBS, pH 7.4, containing 4% paraformaldehyde. After fixation, slices were washed five times in 0.1% Triton X-100 in PBS for a total of 25 min. Nonspecific binding was blocked with 20% normal goat serum and 0.1% Triton X-100 in PBS for 60 min. Slices were then incubated for 24 hours at 4 C with streptavidin-CY3 (1:1000, Sigma Aldrich) diluted in 2% normal goat serum and 0.1% Triton X-100 in PBS. Following incubation, slices were washed five times in 0.1% Triton X-100 in PBS for a total of 25 min. To label nuclei, slices were incubated with Hoechst 33342 (1:1000, Invitrogen) for 10 min and then washed three times in 0.1% Triton X-100 in PBS for a total of 15 min. Slices were then placed on glass slides and dried for 15 minutes before being immersed in a mounting solution (Aqua Poly/Mount, Polyscience, Pennsylvania, USA) and covered with a coverslip. Confocal images were obtained with a Leica SP8 confocal microscope (63x/1.4 N.A. oil objective).
Viral injections
Adult mice were administered viral injections into the AONpE. The mice were anaesthetized with isoflurane, followed by an intraperitoneal injection of ketamine HCl (75 mg/kg) and medetomidine (1 mg/kg). The mouse's head was fixed in a stereotaxic frame and the AAV9-CAG-ChR2-GFP virus (200 nl; titer: 3.9x10 12 vg/ml, University of North Carolina Gene Therapy Center) was injected into two sites (100 nL each) within the AONpE (AP, 0.9 mm behind the blood vessel marking the posterior part of the dorsal OBs; ML, 1.2 mm; DV, 1.9 and 2.45 mm). The virus was injected using a microinjector (IMS-10, Narishige, Japan), at a rate of 70 nl/min, and left in place for 5 minutes to allow viral particle diffusion before needle removal. In vitro experiments were performed 3-4 weeks after viral injection.
Optical stimulation of the olfactory bulb Optical stimulation of the OB has been described in detail in Haddad et al. (2013) . In brief, precise spatial control of optical stimulation was achieved by projecting two-dimensional light patterns onto the dorsal surface of the OB using digital micro-mirror technology coupled to an optical imaging system (OPTOMA X600 DLP Projector). A blue filter was placed on top of the collimating lens which was placed at a distance of $20 cm from the projector (f = 75 mm, Achromatic doublets, Thorlabs). This configuration resulted in an image where each projected pixel corresponded to a square of area $20 mm 2 . Optical stimulation was controlled with the MATLAB psychophysical toolbox. To get a timestamp for each light stimulus, we used a photodiode (FDS1010, 400-ns rise time, Thorlabs). Unlike in Haddad et al. (2013) , our optical system only included one collimating lens since Tbet-Chr2 mice require less light intensity to achieve robust excitation of M/T cells. Using fewer optical elements resulted in fewer optical aberrations and equal light intensity across the two bulb surfaces (see below). Scans were typically performed with spot sizes of 5x5 pixels ($100 mm 2 ). To decrease the influence of light leaks on neighboring spots we added a 'guard-ring' with a width of 1 pixel around each spot such that neighboring spot centers were 6 pixels apart. The total area scanned for each experiment was determined by the size of the craniotomy. We scanned the ipsi-and contra-bulbs either independently or simultaneously (e.g., Figures 1B and S1A ). For contralateral scans and for both bulb scans, the spot duration was 100 ms and there was a total of 6000-10000 light events. For ipsilateral scans, the spot duration was sometimes shorter (i.e., 60 ms) and a total of 4000 light events were used. This is because the response to light stimulation in the ipsi-bulb was usually very strong and therefore fewer events were required. Light stimuli were given in succession with no break period between events. An average of 106 ± 22 (mean ± sd) spots was stimulated on each bulb for each recorded neuron. In this configuration, each spot was stimulated every $10-20 s on average, which provided ample time for the neuron to recover. In addition, after every 500 light-events we introduced a 5000 ms break period to further allow the neuronal activity to return to baseline.
For a subset of neurons, hotspots from the contralateral bulb were stimulated individually for $70-100 trials; each stimulus duration was 100-150 ms followed by a break period of 4000 ms. This procedure allowed us to verify whether the response seen from the hotspot following the light scan was in fact due to the light stimulus or to statistical fluctuations in the neuronal firing rate.
To calibrate the light intensity across the two bulbs, we measured the intensity of the spots in a $3 mm x $3 mm grid and chose the sub-area of the grid where the intensity of all spots was most similar. The light intensity ranged from 0.83 mW/m 2 to 0.97 mW/m 2 as measured with an optical power meter (Thorlabs PM100D; Figure S1D ). The animal was placed such that the dorsal OBs were aligned to the chosen area with both bulbs receiving stimulation of similar intensity. To avoid possible bias due to respiration phase (Phillips et al., 2012) , optical stimulation was randomly applied with respect to respiration cycles.
Spike-Triggered-Average procedure Olfactory cortex neurons receive input from multiple glomeruli. Thus, light-stimulating the OB with only a single spot may fail to detect cases where simultaneous activation of multiple glomeruli is required in order to drive the neuron. We therefore adopted the spiketriggered-average (STA) technique used in vision and auditory research to investigate the activity of neurons with multiple sensory inputs. The method is usually employed to map the receptive field of sensory neurons; i.e., the region in sensory space which when simulated modifies the activity of the neuron. We modified this technique and used it to identify the receptive field of AONpE neurons with optogenetics. Here we use the term 'receptive field' in a more abstract sense to refer to the ensemble of all neurons on the surface of the bulb that modify the activity of the recorded neuron. We stimulated the dorsal OB with patterns composed of multiple square spots measuring 80-150 mm 2 . The inter-stimuli-interval between consecutive patterns was set to 300 ms. This value is adequate for M/T cells to recover (Haddad et al., 2013) . Note that due to the randomness of the stimulations, there was only a small likelihood that the same M/T cell would be activated twice in sequence. The number of illuminated spots ranged from 3 to 15 and the number of images ranged from 8000 to 15000. After recording the response of a cell to N random patterns, we computed the neuron's response map by computing the spike-triggered-average. This calculation basically computes the weighted average of all stimuli: S = P N i = 1 S i r i = P N i r i where S i is the 2-dimensional light pattern i and r i is the evoked firing rate of the recorded neuron following stimulus S i . S is thus the weighted average stimulus (subtracting the average over the full set of stimulus patterns). Under the assumption of a Linear-Nonlinear-Poisson model (LNP model) and the assumption that the olfactory cortex neurons respond when a small set of multiple glomeruli are activated, this procedure is guaranteed to converge (Chichilnisky, 2001; Schwartz et al., 2006) . This was confirmed by simulations as well. STA analysis always revealed all the hotspots found with the one-spot scan method, but sometimes identified a higher number of hotspots that were not found when using only a single stimulus (when recording in the AON or piriform cortex). We also used the STA technique to determine whether activation of multiple glomeruli in the contralateral bulb evoked inhibition in ipsilateral M/T cells.
Respiration and phase analysis
We recorded respiration using a piezoelectric sensor (APS4812B-LW100-R, PUI Audio). The most salient feature of the respiratory signal is the peak in the middle of the inhalation cycle caused by the pressure of the diaphragm on the sensor. Onset of inhalation and exhalation was defined as the zero-crossings of the signal that came before and after the peak respectively.
To compute the neuron's preferred phase, we aligned all respirations to the beginning of inhalation and constructed a PETH. The time of the PETH peak relative to the mean respiration duration was computed and used as the neuron's preferred phase. We considered a neuron to be phase-locked only if the spike time distribution was significantly different from a uniform distribution (Rayleigh test, p < 0.01 corrected by the number of recorded neurons, here 108) and if the peak firing rate was higher from the minimum by at least three spikes/sec. These thresholds detected all phase-locked neurons. Changing the threshold parameters (e.g., setting p < 0.05 or not correcting for multiple comparisons, or not setting a three spikes/sec difference limit) did not change the results.
Odorants, odor application and odor responses Odors were applied using a custom built olfactometer. Odorants were diluted in mineral oil (1:10, or 1:100) and stored in sealed glass vials. The concentration was chosen so as to elicit a strong response. To minimize cross odor contaminations, each odor was delivered by a dedicated tube. The tubes were placed in front of the nostrils of the animal at a distance of $1 cm. Airflow was controlled with a mass flow controller (Agilent, Alimc-2LSPM) and set to 0.8 slpm. The olfactometer supported up to 8 vials and we usually reserved one empty vial to serve as a control stimulus (odor #5). Odor stimulation times and sequences were controlled by a custom MATLAB script. Odor stimulation time was 3 s, with an ISI of 20 s. The odor sequence was randomized and each odor was delivered 10-12 times.
For each neuron-odor pair we computed the mean odor-evoked response in each of the 4 sniffs before odor onset and the six sniffs after odor onset. We defined the odor response as the average of the response on the six sniffs following odor onset. This yielded an 8-value vector for each neuron. To compare odor-evoked responses from the contra-and ipsilateral nostrils we computed the Spearman correlation between these 8-value odor evoked response vectors.
Neurons that did not respond to any of the eight odors from the ipsi-and contra-lateral nostrils were discarded from the analysis (n = 5 neurons).
Nostril occlusion
We occluded the nostrils by plugging them with a small amount of light cured silicone gel. We verified nostril closure with a small drop of water before and after each odor delivery session ( Figure S5C ). We also verified that the odor response from the contra-nostril was not a response to an odor entering the ipsi-nostril through some leakage in the ipsi-nostril plug by verifying that contra-odor responses were abolished following the injection of muscimol to the contra-bulb (n = 2 neurons). Closing the ipsi-nostril immediately abolished any sniff phase-locking of M/T neurons and closure of the contra nostril shifted the neurons' preferred respiration phase. These phase-locking changes were used to verify nostril closure throughout the experiment.
Control experiments and analyses verifying that the excitatory response from the contra-bulb light-stimulations was not an artifact The excitatory response in M/T cells that we observed following light-stimulation of the contra-bulb dorsal surface could not have been the result of light artifacts for the following nine reasons. First, there were clearly no light reflections on the ipsi-bulb when we illuminated the contra-bulb (stray light intensity $0.02 mW/mm 2 compared to $1mW/mm 2 on the ipsilateral bulb). Second, in several (n = 6) recordings the neurons did not respond to light stimulation from any of the ipsilateral bulb light stimulated spots or responded weakly but still responded strongly to contra-bulb light stimulations ( Figure S1A ). The lack of strong response to ipsilateral bulb light-stimulations could have occurred for several reasons such as low levels of expressed Chr2 or an unexposed parent glomerulus (e.g., covered by bleeding or other glomeruli). Regardless of the reason for the lack of strong response to ipsi-bulb light stimulation, these neurons still responded to contra-bulb light stimulation ( Figure S1A ). This indicates that the contra-light stimulation evoked responses were not the result of light reflection accidently hitting the ipsi-bulb. Third, the response to light stimulation of the contra bulb remained, even after we covered the ipsi-bulb with an opaque cover (n = 2 neurons). Fourth, in a few recordings we recorded multiple neurons on the same electrode but only some of them responded to contra-light stimulation. If the response was due to reflection, one would expect that all ipsi-light responding neurons would respond to contra-light stimulation. Fifth, the response from the contra-bulb light stimulation was completely abolished after application of lidocaine or muscimol to the ipsibulb (n = 4 neurons; Figure S1B ). Sixth, if the response were from light reflections it is unlikely it would be mirror symmetric (Figure 3) . Seventh, the response could not be the result of light spreading from the contra-bulb to the ipsi-bulb through the bulb middle tissues because in this case we would expect to see responses from many spots close to the midline. We excluded neurons whose ipsi-bulb hotspot was close to the midline from the dataset. Eighth, the neurons responded to odor delivered from the contra nostril if and only if these neurons were inter-bulb connected, as revealed by the light scanning experiments ( Figure 5 ). Ninth, the response to contralight stimulation disappeared following injections of muscimol to the contra-AONpE.
General experimental design
Blinding and sample size estimation are not relevant in this study and therefore were not conducted. Randomization was performed in all related experiments and analyses. Each neuron included in the analysis is an independent data-point and so the results were replicated many times. We excluded from our analysis neurons (n = 3) whose ipsi-bulb hotspot was close to the midline (< $200mm) because in this case the response to light from the contra-bulb could have been the result of light spillover. In addition, a few neurons (n = 10) had very diffuse hotspots (> 400mm 2 ) located in the medial-posterior location of the contralateral bulb. These neurons were also excluded from the analysis because these hotspots could be the result of light-spillover. We note, however, that while these hotspots could have been the result of light-spillover we believe they are more likely a special group of neurons in which the response from contra-bulb is mediated through neurons located in the medial-posterior parts (possibly isofunctional intra-bulb glomeruli) and therefore requires special investigation which is beyond the scope of this study. Importantly, the conclusions and statistics reported in this study did not change if we include this group of neurons
Data analysis
Light evoked responses A light-evoked response was defined as the firing rate in a 200 ms window following light onset, averaged across all trials. A spot was considered excitatory if the light-evoked response was significantly higher than the average firing rate in a 200ms window prior to light onset (p < 0.05, paired t test). Similarly, a spot was considered inhibitory if the light-evoked response was significantly lower than the average firing rate in the 200 ms prior to light onset (paired Mann-Whitney U test). We used a non-parametric test to detect inhibition because the neuron's firing rate following inhibition could considerably deviate from a normal distribution. Note, however, that the results reported here did not change whether we used parametric or non-parametric tests for the excitatory or inhibitory spots since conducting a t test with large sample sizes is not sensitive to the normality of the data. Unless otherwise stated, Peri-event time histograms (PETHs) were smoothed using a Gaussian filter (s.d.: 20 ms). When the response to light is robust and starts immediately, this smoothing window may result in curves that start to rise before the light onset time. Light evoked first spike time latency To determine when a neuron started to respond to light stimulation (first spike latency) we searched for the first 10 ms window following light onset in which the mean firing rate was significantly higher than the background mean firing rate estimated from a 100 ms time window before light onset. A one sample t test was conducted, and the neuron was classified as responsive for that window if the t test's p value was below 0.05. To find response onset, we slid the window in 1 ms increments starting at the beginning of stimulation and up to 250 ms following light onset. Note that under this method of detecting the response latrency, a response latency of X ms implies that the neuron start firing between X to X+9 ms.
Odors classification analyses
We typically computed the average firing rate across 10-12 trials on the six sniffs following ipsi-or contra-odor stimuli for all N recorded neurons. This yielded a Nx6 matrix for each of the eight odors delivered through the ipsi and the contra-nostrils (i.e., total of 16 matrices, 8 for each nostril). To classify an odor delivered through the contra-nostril based on the ipsi-odor responses we computed the Spearman correlation of the contra odor matrix with each of the eight ipsi-odor matrices. The odor with the highest correlation was considered the odor identity.
For comparison, we conducted a classification analysis of ipsi-odors based on the ispi-odor responses and classification of contra-odors based on the contra-odor responses (we termed this analysis 'self'; Figure 7A ). This was done by splitting the ipsi (or contra) odor response trials (typically 10-12 trials) into a test and training set (typically 5-6 trials in each set). We then classified a test odor by correlating the test odor matrix to the eight training set odor matrices.
To compute the classification success rate as a function of the number of neurons used, we generated additional sample matrices by implementing a bootstrap procedure in which each row of the matrix was selected from the original Nx6 matrix (for each odor). The mean and standard error for the success rate were computed by repeating this classification procedure 50 times.
Symmetry analysis
To verify that the inter-connected neurons were located in mirror symmetric maps we conducted a random permutation test. We computed the average displacement in the x and y axes. We then permuted the ipsi and contra neuron locations 2,000 times and recomputed the average displacement. We then computed the probability of observing a lower or equal displacement in the data from the generated distribution.
Since the alignment of bulb and light scanning grid is done manually it always results in slight misalignment. It is possible to correct for such misalignment during the analysis manually using anatomical landmarks in the bulb (i.e., the blood vessel separating both bulbs). However, the manual nature of the correction is prone to experimenter bias and so we refrained from it. We do note that rotating the heat-maps of the bulbs up to ± 7 considerably decreased the average displacement of connected neurons, making their relative location even more mirror-symmetric. ROC analysis Receiver Operating Characteristic (ROC) curves were calculated by comparing the distribution of firing rates across trials in 25 ms bins to the distribution of baseline firing rates (400 ms before light onset). For each bin, the ROC curve was computed by moving a threshold from the minimum to the maximum firing rate in that bin's distribution. For each threshold we computed the true-positive rate (TPR) as the probability that the firing rate in the bin was higher than the threshold and the false-positive rate (FPR) as the probability that the baseline firing rate was higher than the threshold. We then calculated the area under the ROC curve (auROC) for each time bin by integrating the ROC curve. Values greater than 0.5 indicate increases in firing rate relative to baseline, whereas values below 0.5 indicate decreases.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data analysis was performed with MATLAB. The n-values used for all test are detailed in the figure legends. The significance measure used was a p value of 0.05 for all tests used (t test, Mann-Whitney U test, Fisher's exact test, one or 2 tailed) except Rayleigh test where it was set to 0.01. When the test involved multiple comparisons the significance threshold was adjusted as detailed below. Different measures of error-bars were used according to test being done. The measure used is specified in the relevant figure legend. Further analysis details are given in the section about the method used.
Multiple comparison analysis Heatmaps
For each heatmap we termed the spots that evoked the highest and lowest responses hotspot and coldspot, respectively. On average, each heatmap was composed of 106 spots. Selecting one spot out of 106 may result in a high false positive rate. To avoid over-estimation of the positive results, we corrected the p value by dividing it by the number of spots used in that scan (Bonferroni correction). Significance was defined as 0.05 divided by the number of spots in the scanned bulb. To estimate the false positive rate, we shuffled the neuronal responses to all spots and trials and recomputed the heatmap. We then tested whether the spot with the highest or lowest evoked responses was significant. We found that none of the recorded neurons had a significant hotspot (or coldspot) response following this shuffling analysis and correction by the number of stimulated spots.
Note that when the light stimulation has no effect on the neuron firing rate, selecting the spot with the highest (or lowest) evoked response tended to select spots that have a small decrease (increase) in firing rate prior to light onset and a small increase (decrease) in firing rate following light onset. This can be observed in Figure 4A and further supports our finding that there was no strong inhibition from the contra-bulb.
DATA AND SOFTWARE AVAILABILITY
Raw experimental data ($500 GB) and custom written MATLAB code will be made available by the authors upon request.
